Introduction
============

Ever since cancer was identified as one of the leading causes of human death, scientists and researchers worldwide have been motivated by the urgency to find a cure for this disease. As the first generation of anticancer drugs, platinum complexes such as cisplatin, oxaliplatin, and carboplatin are unfortunately limited by their severe side effects and, most importantly, inherent or acquired resistance by their target cells.[@cit1]--[@cit3] To overcome these limitations, a great deal of research has been done.

One strategy has been to change the metal core of the complex. Different coordination modes or valence states of the metal core have been introduced, including Pt([iv]{.smallcaps}) prodrugs, and half-sandwich and cyclometalated complexes.[@cit4]--[@cit9] Lippard *et al.* developed the idea of Pt([iv]{.smallcaps}) complexes as anticancer agent candidates, and have recently published a review of new platinum drugs and their design.[@cit7] Better selectivity towards cancer cells was also achieved by Guo *et al.*, with the introduction of biotin or superparamagnetic iron oxide nanoparticles (MRI agents), in which a boost in cytotoxicity by glutathione was observed.[@cit8],[@cit9]

A variety of heavy metal cores including iridium, ruthenium, osmium, titanium, copper, iron, gold, and other metal compounds have also been developed in this field, including some which have made it as far as clinical studies.[@cit10]--[@cit19] Sadler *et al.* developed a series of Ru([ii]{.smallcaps}) complexes with a novel half-sandwich structure and achieved considerable anticancer activity.[@cit16] Using a different approach, Ma *et al.* designed Ir([iii]{.smallcaps}) complexes as inhibitors of bioactivity and bio-targets, such as H-Ras/Raf-1 protein--protein interactions and tumor necrosis factor-α.[@cit17]--[@cit19]

Some of the aforementioned groups adopted other approaches, and selective activation of drugs by light is a particularly appealing one.[@cit20]--[@cit24] Sadler *et al.* reported precisely designed Pt([iv]{.smallcaps}) prodrugs, which can sustain the bioactive reducing agent GSH and be photoactivated to Pt([ii]{.smallcaps}) by visible light.[@cit20],[@cit21] Using a similar strategy, Gasser *et al.* developed a Ru([ii]{.smallcaps}) complex, the irradiation of which caused the activation of a protective cage moiety to release the drug.[@cit22] In another example involving photoactivation, photodynamic therapy (PDT) was employed by Gasser *et al.* to design Ru([ii]{.smallcaps}) polypyridyl complexes[@cit23] and ruthenium--porphyrin conjugates[@cit24] as effective photosensitizers and anticancer agents. Although many clinical agents induce apoptosis in order to cause the death of cancer cells, other modes of cell death have also been employed, including necroptosis, autophagy and paraptosis.[@cit25]--[@cit34] Using NADH as a cofactor, Sadler *et al.* developed a new strategy for anticancer drug design based on the catalytic properties of Ru([ii]{.smallcaps}) compounds, and found the new reductive stress mechanism of cell death.[@cit28],[@cit29] Lippard *et al.* synthesized two Re([v]{.smallcaps}) oxo complexes, which induced programmed necrosis, also known as necroptosis, and a Pt([ii]{.smallcaps}) complex reported by Guo *et al.* was proven to induce autophagic cell death in human ovarian carcinoma cells.[@cit30],[@cit31] Gasser *et al.* discovered that a Ru([ii]{.smallcaps}) polypyridyl complex, a PDT agent they synthesized, can induce either apoptosis or paraptosis depending on the cell cycle phase the cells were in.[@cit32] New subcellular locations have also been introduced as new targets for therapeutics. Rhee *et al.* and Ang *et al.* presented Ir([iii]{.smallcaps}) PDT agents and Ru([ii]{.smallcaps}) complexes which were selectively localized in the endoplasmic reticulum (ER), and caused severe damage to cells.[@cit33],[@cit34]

Apoptosis has been thought to be the main death pathway of PCD and it was not until recently that more pathways have been discovered and studied,[@cit35] and these modes of cell death include the perhaps underestimated oncosis. Since its discovery over a century ago, this potential strategy for the treatment of drug-resistant cancers has lain relatively forgotten.[@cit36],[@cit37] Derived from the Greek word "swelling", oncosis is a unique mode of cell death with its characteristic whole cell swelling, accompanied by severe mitochondrial damage, cytoplasmic vacuolization, plasma membrane blebbing and cytoskeletal collapse.[@cit37],[@cit38] A surface receptor, porimin, and Ca ion-related protein calpain were reported as key elements in mediating oncotic cell death.[@cit39]--[@cit41]

Based on the abundant experience of our group in the design of metal complexes with specific subcellular localization, especially in lysosomes and mitochondria,[@cit42]--[@cit46] and because of the fact that mitochondrial dysfunction plays a critical role at a very early stage of cell death, we decided to synthesize a series of mitochondria-targeting cyclometalated Ir([iii]{.smallcaps}) complexes. Benzothiazole has been reported to possess considerable anticancer properties, and much research has been carried out aimed at developing benzothiazole containing chemodrugs with high anticancer activity.[@cit47]--[@cit52] Therefore, we report in this study a series of iridium([iii]{.smallcaps}) complexes with benzothiazole substituted ligands: \[Ir(ppy)~2~(bbtb)\]^+^ (**OnIr1**), \[Ir(DFppy)~2~(bbtb)\]^+^ (**OnIr2**), \[Ir(2pq)~2~(bbtb)\]^+^ (**OnIr3**), and \[Ir(pbt)~2~(bbtb)\]^+^ (**OnIr4**). The crystalline structure of **OnIr3** was also obtained ([Fig. 1a](#fig1){ref-type="fig"} and S1--S9[†](#fn1){ref-type="fn"}). We tested these complexes with more than ten cancer cell lines, ten drug-resistant cell lines and two normal cell lines, in which considerable cytotoxicity was exhibited as well as good selectivity towards cancer cells and normal cells. These complexes displayed mitochondria-targeting properties and further investigation suggested a relatively unusual death mode as oncosis was activated by **OnIr1--OnIr4** in drug-resistant cell line A549R.

![(a) Chemical structures of Ir([iii]{.smallcaps}) complexes. (b) Cyt. C content in the cytosol (Cyt. C, C) and mitochondria (Cyt. C, M). A549R cells were incubated with **OnIr1** (2 μM), **OnIr2** (2 μM), **OnIr3** (3 μM), **OnIr4** (3 μM), and cisplatin (150 μM) for 24 h and then separated into two cellular portions. (c) Caspase 3/7 activity assay. (d) Confocal images of co-localization assay and (e) ICP-MS results of Ir distribution in the cytosol (blue bar), nucleus (red bar) and mitochondria (green bar). A549R cells were incubated with Ir([iii]{.smallcaps}) complexes (2 μM, 8 h) respectively, and then incubated with MTG for 0.5 h after being washed with PBS. Scale bar in (d): 10 μm.](c8sc01142g-f1){#fig1}

Results and discussion
======================

Subcellular localization
------------------------

The subcellular localization of drugs determines the initial interactions between cells and drugs, the study of which, fortunately, is facilitated by the good photophysical properties of the Ir([iii]{.smallcaps}) complexes (Fig. S10[†](#fn1){ref-type="fn"}). We used A549R, a cisplatin-resistant cell line, as a model, to study the behavior of these complexes. The specific cellular target of the complexes was confirmed by a co-localization assay and an ICP-MS assay. As shown in [Fig. 1d](#fig1){ref-type="fig"}, the signal of the commercial mitochondrial dye MitoTracker® Green (MTG) correlated well with those of the complexes, giving correlation coefficients between 0.83 and 0.92. In the ICP-MS assay, a majority of the Ir([iii]{.smallcaps}) complexes were shown to be localized in the mitochondria ([Fig. 1e](#fig1){ref-type="fig"}). Both of the assays confirm that the cellular targets of the Ir([iii]{.smallcaps}) complexes are mitochondria. We also confirmed that the mechanism of cellular uptake of **OnIr1--OnIr4** was endocytosis, as shown in Fig. S11.[†](#fn1){ref-type="fn"} The stability of **OnIr1--OnIr4** in FBS and culture media is also shown in Fig. S12 and S13.[†](#fn1){ref-type="fn"}

Mitochondrial morphological alteration
--------------------------------------

Subsequently, we focused on the cellular target of our complexes, mitochondria, the abnormal changes of which would cause severe failure in normal physiological activities. Residing in the mitochondrial inner membrane (MIM), ChChd3 is an abundant protein and essential for maintaining the mitochondrial cristae structure. The loss and reduction of ChChd3 reflects an injury in the MIM, which might result in a breakdown in mitochondrial function and cristae architecture.[@cit53] A marked decrease in ChChd3 content in a time-dependent manner in the treated cells suggested the occurrence of a traumatic alteration in mitochondria, and all four Ir([iii]{.smallcaps}) complexes displayed similar results ([Fig. 2c](#fig2){ref-type="fig"}). Transmission electron microscopy (TEM) experiments were than carried out for the observation of the mitochondrial structure. In the TEM images of untreated A549R cells, the double-membrane structure of the mitochondrion was observed and the mitochondrial cristae were obvious and complex. After treatment with **OnIr1**, the mitochondrial cristae became smoother, and the entire mitochondrion was dilated and swollen ([Fig. 2a](#fig2){ref-type="fig"}), indicating more severe damage and a major loss of mitochondrial membrane potential.

![(a) TEM image of swollen mitochondria. The cells were treated with **OnIr1** (1 μM, 24 h). (b) ATP deletion assay for A549R cells incubated with **OnIr1--OnIr4** for 48 h. Incubation with **OnIr1** and **OnIr2** was performed at a concentration of (A) 0.5 μM, (B) 1 μM, and (C) 2 μM; incubation with **OnIr3** and **OnIr4** was performed at a concentration of (A) 1 μM, (B) 2 μM, and (C) 3 μM. (c) Cellular content of bcl-2, bax and ChChd3 in A549R cells.](c8sc01142g-f2){#fig2}

Mitochondrial membrane potential (MMP) and overload of reactive oxygen species (ROS)
------------------------------------------------------------------------------------

Since one of the main pathways in mitochondria to initiate cell death is the loss of mitochondrial membrane potential (MMP) induced by the overload of reactive oxygen species (ROS),[@cit54] flow cytometry with JC-1 and dichlorodihydrofluorescein diacetate (DCFH) was performed. The MMP loss of A549R cells would prevent the aggregation of the MMP-dependent mitochondrial dye JC-1, indicated by a fluorescence change from red to green, which is shown in [Fig. 3a](#fig3){ref-type="fig"} in a time-dependent manner, especially the rise in FITC signals. The cause of MMP loss was tested using DCFH, a ROS reactive reagent. In [Fig. 3b](#fig3){ref-type="fig"}, a significant increase in the DCFH signal indicated the over-generation of ROS, also in a time-dependent manner, consistent with the JC-1 results.

![(a) Flow cytometry results of JC-1 assay and (b) ROS generation assay; A549R cells were incubated with **OnIr1** and **OnIr2** at a concentration of 1 μM, while incubation with **OnIr3** and **OnIr4** was performed at a concentration of 2 μM.](c8sc01142g-f3){#fig3}

ATP depletion and increase in the bcl-2/bax ratio
-------------------------------------------------

Mitochondria are the power plants of the cell, the dysfunction of which can lead to an issue called ATP depletion.[@cit55] As shown in [Fig. 2b](#fig2){ref-type="fig"}, the ATP level of cells after treatment with the Ir([iii]{.smallcaps}) complexes suffered a rapid decrease to less than 35% of that in the control cells.[@cit56] As a pair of death-related proteins, the sites of action of which are in mitochondria, bcl-2 and bax are also influenced by the Ir([iii]{.smallcaps}) complexes. Western blotting was applied to detect the expression level of these proteins. The content of bcl-2 increased in a time-dependent manner, while that of bax decreased, as shown in [Fig. 2a](#fig2){ref-type="fig"}. The ratio of bcl-2/bax increased; note that this pattern is the exact opposite of typical apoptosis, where the expression of bcl-2 would decrease while that of bax would increase, but consistent with a special death mode called oncosis.[@cit57]--[@cit59] All four Ir([iii]{.smallcaps}) complexes exhibited the same tendency ([Fig. 2c](#fig2){ref-type="fig"}). This abnormal phenomenon implied a different death mode from apoptosis.

Release of cytochrome C and caspase 3/7 activation
--------------------------------------------------

After ROS overload and MMP loss we would expect to observe the release of cytochrome C (Cyt. C) from the mitochondria to the cytosol and then the activation of the caspase family, especially caspase 3/7, which would eventually lead to cell death.[@cit60] In this study, the cytosol and mitochondria of A549R cells were separated to test their Cyt. C content by western blotting. To our surprise, there was no evidence of Cyt. C release to be observed in the A549R cells ([Fig. 1b](#fig1){ref-type="fig"}). In spite of the severe loss of MMP, the content of Cyt. C in the cytosol did not increase and that of the mitochondria did not decrease. The results of the whole-cell caspase 3/7 expression level assay agreed with these results, where no obvious increase in the caspase 3/7 level was observed even after incubation with the four Ir([iii]{.smallcaps}) complexes at a concentration of nearly 4 times their IC~50~ values for one day, while incubation with cisplatin (CDDP) caused an increased signal ([Fig. 1c](#fig1){ref-type="fig"} and S14a[†](#fn1){ref-type="fn"}). Western blotting was also performed and similar results were obtained (Fig. S16[†](#fn1){ref-type="fn"}). Caspase inhibitors Ac-DEVD-CHO and Z-VAD-fmk were co-incubated with the Ir([iii]{.smallcaps}) complexes, and no significant changes in cell viabilities were observed (Fig. S14b[†](#fn1){ref-type="fn"}). Therefore, combined with the results of the bcl-2/bax ratio, a different death mode from classic caspase-dependent apoptosis was suggested.

Morphological alterations of the cells
--------------------------------------

To clarify which death mode occurred in the process, confocal laser scanning microscopy (CLSM) and TEM were applied to observe the alterations in the A549R cells. The most significant morphological alteration was the vacuolization in cytoplasm, which none of the known forms of apoptosis would cause. During the process, vacuoles generated from lysosomes filled up the entire cytoplasm (Fig. S15[†](#fn1){ref-type="fn"}),[@cit37] taking up most of the space ([Fig. 4a](#fig4){ref-type="fig"}), and showing the absence of organelles, as shown in [Fig. 4b](#fig4){ref-type="fig"}. As the incubation time increased, the whole cells were swollen and rounded, sometimes detaching from the substrate, and started to bleb ([Fig. 4c](#fig4){ref-type="fig"}). This helped us to rule out paraptosis as the mode of cell death,[@cit25] as neither swelling nor blebbing occurs in paraptosis. Notably, the bubbles around the cells were absolutely clear on the inside, suggesting that there was no process of budding, a typical action of apoptosis, taking place. Another thing worth mentioning is that there was also no sign of interruptions in plasmalemmal continuity in both CLSM and TEM micrographs, a typical feature of necrosis and necroptosis.[@cit61] The results of co-incubation of autophagy inhibitor 3-methyladenine, paraptosis inhibitor cycloheximide, lysosomal protease-mediated cell death inhibitor leupeptin and necrosis inhibitor necrostatin-1, and the Ir([iii]{.smallcaps}) complexes showed no increase in cell viability (Fig. S14c[†](#fn1){ref-type="fn"}).[@cit62],[@cit63] To have a deeper look into it, western blotting was introduced to check the level of LC3, activated during the process of autophagy,[@cit64],[@cit65] RIP3, activated during necrosis and necroptosis,[@cit66],[@cit67] and ERK/p-ERK, a marker of paraptosis.[@cit68] Again, no significant changes after treatment with **OnIr1--OnIr4** were observed (Fig. S16[†](#fn1){ref-type="fn"}). All of the evidence thus far pointed toward oncosis, and so we decided to investigate oncosis more comprehensively.

![(a) Confocal images and (b) TEM images of cytoplasmic vacuolization. A549R cells were incubated with **OnIr1** (1 μM), **OnIr2** (1 μM), **OnIr3** (2 μM) and **OnIr4** (2 μM) for 24 h. (c) Confocal images of plasma membrane blebbing. A549R cells were incubated with **OnIr1** (2 μM), **OnIr2** (2 μM), **OnIr3** (3 μM) and **OnIr4** (3 μM) for 24 h. Scale bar in confocal images: 10 μm.](c8sc01142g-f4){#fig4}

Cytoskeleton and calpain 1 activation
-------------------------------------

The change of the shape and volume of the whole cell also implied a profound impact on the cytoskeleton. Both actin and tubulin were altered during this phase.[@cit61],[@cit69]--[@cit71] By the use of western blotting, a marked decrease of the basic elements of the cytoskeleton, β-actin and α-tubulin, appeared in a time-dependent manner,[@cit72] suggesting a possible breakdown and collapse of the cytoskeleton ([Fig. 5c](#fig5){ref-type="fig"}). Further research by CLSM and staining with commercial dyes Actin-Tracker Green and Tubulin-Tracker Red allowed the actual visualization of the alterations of actin and tubulin. As shown in [Fig. 5a](#fig5){ref-type="fig"} and S17,[†](#fn1){ref-type="fn"} control cells have prominent thick actin cables across the whole cells.[@cit69] After incubation with 0.5 μM **OnIr1**, a punctate pattern of actin appeared, and fewer actin cables were observed in many of the cells. Upon increasing the concentration of **OnIr1** to 1 μM, a lower density of actin fibers was observed as well as fragmentation of the actin filament. We could also see the interruption of actin fibers by the vacuoles (red arrowhead). After incubation with up to 2 μM **OnIr1**, the pattern of actin cables effectively disappeared, leaving behind the punctate actin, sometimes only some fragments (Fig. S18[†](#fn1){ref-type="fn"}), and somehow those fragments managed to slip out of the cell membrane, probably through the bursting of the bubbles,[@cit70] around which a band of fluorescent stain was observed.[@cit69] The stain of Actin-Tracker Green faded along with the increase of incubation concentration. Meanwhile, a network of microtubules radiated from the perinuclear centers in control cells,[@cit71] and the cells underwent mitosis metaphase as shown in [Fig. 5a](#fig5){ref-type="fig"} and S19[†](#fn1){ref-type="fn"} with Tubulin-Tracker Red staining. After incubation with 0.5 μM **OnIr1**, the pattern of the microtubules was less rigid. Upon increasing the concentration of **OnIr1** to 1 μM, the loss in length and number of microtubules began and the pattern was vague. A significant interruption of microtubules by the vacuoles (yellow arrowhead) appeared. After further increasing the incubation concentration of **OnIr1** up to 2 μM, the shape of the microtubules became completely loose, and only the carcasses remained both in the cells and the big blebs. Similar to that of Actin-Tracker Green, the stain of Tubulin-Tracker Red decreased with an increase in the incubation concentration of **OnIr1**, and was completely lost in some of the cells (Fig. S20[†](#fn1){ref-type="fn"}). These images showed the collapse of the cytoskeleton vividly, and that the breakdown of it could be induced by these Ir([iii]{.smallcaps}) complexes in a dose-dependent manner.

![(a) Actin-Tracker Green and (b) Tubulin-Tracker Red staining of fixed A549R cells pre-treated with **OnIr1** for 24 h in a dose-dependent manner. Confocal images of A549R cells treated with **OnIr1** for 24 h. (b) Flow cytometry results of cell volume changes. A549R cells were incubated with **OnIr1** (1 μM), **OnIr2** (1 μM), **OnIr3** (2 μM) and **OnIr4** (2 μM). Cellular content of (c) α-tubulin and β-actin and (d) porimin and calpain 1. (e) LDH leakage assay for A549R cells incubated with **OnIr1--OnIr4** for 24 h. Incubation with **OnIr1** and **OnIr2** was performed at a concentration of (A) 0.5 μM, (B) 1 μM, and (C) 2 μM; incubation with **OnIr3** and **OnIr4** was performed at a concentration of (A) 1 μM, (B) 2 μM, and (C) 3 μM. Scale bar in (a): 10 μM.](c8sc01142g-f5){#fig5}

Growing evidence indicates that calpains, a calcium-activated protease family, are involved in processes from mitochondrial dysfunction to cytoskeletal collapse. These neutral cysteine proteases were considered to be among the iconic proteins in the procedure of oncotic cell death, and their substrates include cytoskeletal proteins, the activation of which would cause cytoskeletal breakdown.[@cit41],[@cit72] Although the members of the calpain family were considered as cytoplasmic proteins, one of the calpains, calpain 1, was found to be not only rich in, but also navigated by its own structure towards, mitochondria.[@cit73] The results of western blotting in calpain 1 displayed its activation by the appearance of a new band below the other one after treatment with Ir([iii]{.smallcaps}) complexes, and specifically the treatment with **OnIr1** gave rise to the new band in a time-dependent manner ([Fig. 5d](#fig5){ref-type="fig"}). The impact of calpain activation is profound in oncosis. There are numerous pieces of evidence suggesting that the activation of calpain leads to mitochondrial dysfunction and the breakdown of not only the cytoskeleton but also the plasma membrane.[@cit41]

Plasma membrane permeability and porimin expression
---------------------------------------------------

Since the symbolic phenomenon of oncosis is cell swelling, flow cytometry was employed to measure the enlargement of cell volumes. Apparently, limited by the plasma membrane, a cell cannot swell infinitely, so the peak should not shift entirely to a new volume section. As shown in [Fig. 5b](#fig5){ref-type="fig"}, instead of a shift, the shape of the peak representing cell volumes of A549R was changed and tended to a certain extremum, which is the maximum of the control cells, showing an increase in average cell volume. To elucidate how the cells were swollen, we measured the membrane permeability by lactate dehydrogenase (LDH) leakage assay. A dramatic increase of signals was observed ([Fig. 5d](#fig5){ref-type="fig"}), indicating a large leakage of LDH, and therefore an increase in membrane permeability in a majority of cells. The increase of cell membrane permeability is ascribed to the increase of cell volume.

A surface receptor, porimin (pro-oncosis receptor inducing membrane injury), is supposed to be responsible for the abnormal membrane permeability, which directly causes the iconic whole cell swelling in the process of oncosis, and the activation of porimin is also a marker of oncotic cell death.[@cit39],[@cit40],[@cit74] In [Fig. 5d](#fig5){ref-type="fig"}, the increase in expression of porimin upon incubation with **OnIr2--OnIr4**, as well as **OnIr1**, is demonstrated in a time-dependent manner.

Cytotoxicity against drug-resistant cancer cells
------------------------------------------------

Now that we had confirmed that the Ir([iii]{.smallcaps}) complexes induced a unique death mode, oncosis, which is quite the opposite of apoptosis in many ways, we tried to apply these complexes to fight against cancer cells, especially drug-resistant cancer cells. 11 cancer cell lines from various body parts including lungs, colon, kidneys and liver were tested, along with 10 drug-resistant cell lines and 2 normal cell lines (HL-7702, normal liver cells; HEK 293, normal kidney cells). All four Ir([iii]{.smallcaps}) complexes exhibited considerable cytotoxicity in normal cancer cell lines, drug-resistant cell lines and their parental cell lines (IC~50~ values down to ∼500 nM, Table S3[†](#fn1){ref-type="fn"}). The drugs causing resistance included cisplatin, another metal complex like our complexes; mitoxantrone, a type II topoisomerase inhibitor; doxorubicin, a multi-target drug and As~2~O~3~, a classic inorganic nonmetal drug. None of the resistances of these different types of drugs were sufficient for the cancer cells to prevent their death on exposure to the Ir([iii]{.smallcaps}) complexes. They also exhibited moderate cytotoxicity towards normal cell lines, but their selectivity towards cancer cells and normal cells can be as significant as ∼30 times the IC~50~ value (**OnIr1**, HL-7702/A549R).

Discussion
==========

From subcellular localization to cell membrane injury, we look into some major alterations the treatment with these Ir([iii]{.smallcaps}) complexes led to in the cells. The verification of the death mode caused by certain compounds is often delicate, especially for PCD modes like oncosis, because like any other death modes and pathways, certain phenomena or syndromes of oncosis might be shared with other modes and PCD modes are in a much less acknowledged situation compared with apoptosis. For example, blebbing in cellular membranes could occur both in necrosis and in oncosis; cytoplasmic vacuolization is also a significant feature in paraptosis, *etc.* Moreover, there are crosstalks between two death modes and that leads to concepts like necroptosis, oncotic apoptosis and even oncotic necrosis, to name a few. In other words, since the word "oncosis" originally means "swelling", every cell death accompanied by whole cell swelling ought to be oncosis, perhaps a crosstalk such as "apoptotic oncosis". When it comes to drug-resistant cancer cells, the situation gets even more complicated. As a matter of fact, after treatment with cisplatin, a classic apoptosis-inducing agent, A549R cells exhibited a sign of autophagy and necrosis with a slight increase in LC3II and RIP3, as shown in Fig. S16.[†](#fn1){ref-type="fn"} This situation was somewhat expected, since it was reported that high-dose cisplatin can induce autophagy and necrosis.[@cit75],[@cit76] However, when the pieces of evidence were put together, the fog began to clear, and some of the evidence has been mentioned in previous paragraphs, *e.g.* the morphological changes of the cells and the bcl-2/bax ratio. Although there is caspase-independent apoptosis which makes the whole caspase 3/7 detection and caspase inhibitor experiments seem less convincing for ruling out this common death mode,[@cit77]--[@cit79] apoptosis *per se* often exhibits other features that are in no way related to what we observed in this paper. While cell shrinkage is a well-known consequence of apoptosis, the exact opposite cell swelling was observed, and cytoplasmic vacuolization is rare in the process of apoptosis. We also carefully checked other PCD modes either by their specific inhibitors or the detection of their characteristic protein expression and activation. Moreover, oncosis matched every single phenomenon perfectly, and most importantly, we demonstrated the activation of calpain 1, which is highly related to oncotic cell death in many aspects, and the expression of porimin, which is supposed to be the marker of oncosis.

The process of oncosis induced by these complexes can be briefly outlined as follows: (1) the complexes entered the cells and localized in the mitochondria; (2) this caused the over-generation of ROS and (3) the loss of MMP, (4) followed by ATP depletion and an increased ratio of bcl-2/bax, leading to (5) the failure of the ionic pumps resulting in a high cellular membrane permeability and vacuolization from the lysosomes,[@cit37] (6) rounding and swelling of the cells and blebbing in the plasma membrane, during which (7) a collapse of the cytoskeleton occurred, and finally (8) the bubbles burst and the remainder would experience phagocytosis or inflammation, the very end of an oncotic cell.[@cit70]

Conclusion
==========

To conclude, we synthesized a series of Ir([iii]{.smallcaps}) complexes, **OnIr1**, **OnIr2**, **OnIr3**, and **OnIr4**, and found that they can target mitochondria and eventually proved that they can induce oncosis in drug-resistant cancer cell line A549R. Finally, we screened the anticancer activity of these oncosis-inducing complexes. They showed IC~50~ values indicating considerable cytotoxicity against various cancer cell lines and drug-resistant cell lines, with selectivity towards normal cells lines. These results suggest that the unique oncosis-inducing cyclometalated Ir([iii]{.smallcaps}) complexes can be potent candidates to fight against drug-resistant cancers.
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